INTRODUCTION
Radiation damage to cells and tissues involves the generation of excessive reactive oxygen species (ROS) followed by alterations in lipids, DNA and proteins that can eventually lead to cell dysfunction or cell death (1, 2) . The consequential role of ROS in the mechanism of cell cytotoxicity, especially the induction of apoptosis, has received increased attention in the field of cancer radiotherapy (1) . The mitochondrial electron transport chain, as well as other biochemical processes, leads to the production of ROS (2, 3) . Within the electron transport chain, electron transfer occurs between complexes in the mitochondrial membrane during respiration, with oxygen being the final electron acceptor of the chain. Although oxidative phosphorylation in the mitochondria is an important energy-producing process for eukaryotic cells (3) , this process can also result in producing potentially cell-damaging side products. Due to an inefficient respiratory chain that leaks electrons from the electron transport complexes, approximately 1-5% of the total oxygen consumed in aerobic metabolism produces superoxide ( ) and subsequent formation of other ROS in- • • CO RO 3 2 DNA damage by ROS may lead to formation of singleand double-strand breaks, resulting in cell cycle arrest and recruitment of DNA repair enzymes to ameliorate damage. Membranes of cytoplasmic organelles and the plasma membrane of cells are another major target of radiation and ROS. Membrane oxidative damage is generally mediated by the degradation of phospholipids, which are the major constituents of the plasma membrane. Membrane phospholipids are easily peroxidized by ROS produced by ionizing radiation, causing structural and functional impairment. Oxidative damage leads to alterations in both the lipid bilayer fluidity and permeability properties (1) . Some cancer cells are relatively resistant to apoptosis. Thus potential strategies to improve the efficacy of radiation could include manipulating the mitochondrial electron transport, leading to oxidative stress and ROS-induced damage within tumor cells (1) .
Cell cycle checkpoints are regulatory pathways that control the order and timing of cell cycle transitions and ensure that critical events such as DNA replication and chromosome segregation are completed with high fidelity (4). In addition, checkpoints are pathways that halt the progression of the cell cycle in response to cellular stress or damage (5), inducing the transcription of genes that facilitate repair (4) . Checkpoint-dependent arrest is thought to prevent the replication of damaged templates and the segregation of broken chromosomes (4) . Defects in these processes cause genomic instability and may predispose cells to carcino-genesis. Cell cycle checkpoint pathways are potential targets for anticancer strategies because abrogation of checkpoint function drives tumor cells toward apoptosis and enhances the efficacy of oncotherapy. Several cellular stresses, including radiation-induced DNA damage, may trigger checkpoint pathways, leading to cell cycle arrest at G 2 phase (5). The DNA damage checkpoint mechanism detects damaged DNA and generates a signal that arrests cells in the G 1 phase of the cell cycle, reduces S phase and DNA synthesis, arrests cells in the G 2 phase, and induces the transcription of repair genes (4) . One important issue is to identify signaling cascades during DNA damage and G 2 checkpoint arrest. The cyclin B1/CDK1 complex activity is an important signaling pathway during DNA damage and G 2 checkpoint arrest because it regulates cell cycle progression from G 2 to M phase (5) (6) (7) (8) . Cyclin B1 binds to CDK1, which then becomes dephosphorylated and relocated to the nucleus, ensuring the transition toward mitosis (6) . Cyclin B1, through its trafficking molecules between the cytoplasm and the nucleus, plays a role in coordinating the process that leads to mitosis. This complex has been detected in the cytoplasm and is implicated in formation of the mitotic spindle (6) . In fact, cyclin B1 overexpression has been reported in various cancers, including pancreatic cancer (6) .
Recent evidence suggests that cross-talk between mitochondrial-derived ROS levels and cell cycle regulatory proteins could significantly influence the transition between quiescence and proliferative growth (7, 8) . We hypothesized that mitochondrial function may regulate cell cycle checkpoint activation and radiosensitivity. Our studies demonstrate that pancreatic cancer cells depleted of mitochondrial DNA were radioresistant compared to cells with functional mitochondrial electron transport chains. In addition, mitochondrial depletion also suppressed radiation-induced G 2 checkpoint activation that was accompanied by increases in both cyclin B1 and CDK1.
MATERIALS AND METHODS

Cell Culture
MIA PaCa-2 (undifferentiated) human pancreatic adenocarcinoma cells were obtained from the American Type Culture Collection (Manassas, VA). MIA PaCa-2 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum and 2.5% horse serum. MIA PaCa-2 RhoЊ cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum, 2.5% horse serum, 50 g/ml uridine and 100 g/ml sodium pyruvate. All media were obtained from Gibco (Grand Island, NY), and all cells were maintained at 37ЊC. All cells were routinely tested for mycoplasma and were used only when found to be negative.
Generation of RhoЊ Cells
To determine the role of mitochondria in radiation-induced G 2 checkpoint activation, RhoЊ cells depleted of mitochondria DNA (mtDNA) were generated by incubating wild-type MIA PaCa-2 (rho ϩ ) cells for 6-8 weeks with 100 ng/ml ethidium bromide (3). After selection, RhoЊ cells were cultured in the medium specified above at 37ЊC in an incubator with 95% air and 5% CO 2 without ethidium bromide as described previously (9) . To verify mtDNA depletion in RhoЊ cells, total cellular DNA from rho ϩ and RhoЊ cells was extracted and subjected to PCR amplification using two pairs of human mtDNA specific primers as described (9): (1) Mts1 (forward) (5Ј-cctagggataacagcgcaat-3Ј) and Mtas 1 (reverse) (5Ј-tagaagagcgatggtgagag-3Ј), which gave a 630-bp product, and 2) Mts2 (forward) (5Ј-aacatacccatggccaacct-3Ј) and Mtas2 (reverse) (5Ј-ggcagga gtaatcagaggtg-3Ј), which gave a 532-bp product. As a control, we measured the expression of GAPDH, which is coded by nuclear DNA.
Cell Growth Experiment
Sixty-millimeter plates were seeded with 5 ϫ 10 4 rho ϩ or RhoЊ cells in the medium specified above at 37ЊC and irradiated the next day with 2, 4 or 6 Gy (dose rate 0.83 Gy/min) of ionizing radiation using a Pantak high-frequency 22 kV and 10 mA X-ray generator. At various times after plating, cells were trypsinized, and the number of cells was determined with a Coulter counter (Beckman Coulter, Inc., Fullerton, CA). Cell population doubling time in hours (DT) was determined in triplicate for each control and radiation treatment group using the following equation:
where t 0 is the time at which exponential growth began, t is the time in hours, N t ϭ cell number at time t, and N 0 is the initial cell number (10) .
Clonogenic Survival
After irradiation, cells were plated in triplicate into 60-mm tissue culture dishes at limiting dilutions and were incubated for 2 weeks to allow colony formation as described previously (10) . The colonies were then fixed in 70% ethanol and stained with 0.1% Coomassie blue (Amresco, Solon, OH). A population of 50 cells per colony was scored. Plating efficiencies (PEs) for untreated control cultures were calculated using the following formula: PE ϭ (number of colonies counted/number of cells seeded) ϫ 100. Surviving fractions (SFs) were calculated using the following formula: SF ϭ (number of colonies counted)/(number of cells seeded ϫ PE).
Cell Cycle Analysis
Rho ϩ and RhoЊ cells in exponential growth were irradiated with 2, 4 or 6 Gy and collected within 1 h. Cell cycle phase distributions were measured by flow cytometry using propidium iodide (PI). Briefly, cells were collected and fixed in suspension in 70% ethanol on ice and then stored at Ϫ20ЊC. Cells were centrifuged at 500g, washed with 5 ml HBSS, centrifuged again, and resuspended in 1 ml HBSS. After addition of 0.2 ml phosphate citrate buffer (pH 7.8), cells were incubated at room temperature for 5 min before being washed again and resuspended in HBSS containing 20 g/ml PI and 10 g/ml RNase A. After 30 min incubation in the dark at room temperature, PI-stained cells were analyzed for DNA content by flow cytometry, and the percentages of cells in G 1 , S and G 2 ϩM were calculated using MODFIT software.
Western Blot Analysis
Cells were collected by scrape harvesting and pelleted by centrifugation. Protein concentrations were determined using a Bio-Rad DC Bradford Protein Assay (Bio-Rad Laboratories, Hercules, CA). To verify mtDNA depletion, total cellular DNA was extracted and subjected to PCR using two pairs of human mtDNA specific primers: 1) Mts1 (forward) and Mtas 1 (reverse), which gave a 630-bp product, and 2) Mts2 (forward) and Mtas2 (reverse), which gave a 532-bp product. As a control, we measured the expression of GAPDH, which is coded by nuclear DNA. 
Statistical Analysis
Statistical analysis was performed using SYSTAT. A single-factor AN-OVA, followed by post-hoc Tukey test, was used to determine significant differences between means. All means were calculated from three experiments, and error bars represent standard errors of the mean (SEM). All Western blots, activity assays and activity gel assays were repeated at least twice.
RESULTS
Generation of RhoЊ Cells
To verify the mtDNA depletion, total cellular DNA was extracted and subjected to PCR using two pairs of human mtDNA specific primers, as described previously (9) . Rho ϩ and RhoЊ cells contained equivalent amounts of GAPDH, indicating that nuclear DNA was similar between the cell lines (Fig. 1A) . However, rho ϩ cells contained mtDNA, while RhoЊ cells contained almost no mtDNA (Fig. 1A) .
To further characterize the RhoЊ cells, levels of the mitochondrial protein cytochrome C were determined by Western blotting. There was a marked decrease in cytochrome C immunoreactive protein in RhoЊ cells compared to rho ϩ cells (Fig. 1B) .
The cytotoxicity of ionizing radiation may be determined by the antioxidant capacity of the cell (11, 12) . To determine whether there were changes in antioxidant proteins in RhoЊ cells after they were selected in ethidium bromide. The levels of manganese superoxide dismutase (MnSOD), copper/zinc SOD (CuZnSOD), thioredoxin (Trx) and glutathione peroxidase (GPx1), all proteins encoded by nuclear DNA (Fig. 1C) , were determined by Western blotting. Equivalent amounts of protein for these antioxidant enzymes were found in both the RhoЊ and rho ϩ cells. To further confirm the lack of functioning mitochondria in the RhoЊ cells, we used antimycin A, which is known to inhibit the transfer of electrons from cytochrome b to coenzyme Q on the matrix side of the inner mitochondrial membrane, leading to increased superoxide production from UBI semiquinone in Complex III, the flavin mononucleotide in Complex I, and the FAD site in Complex II. Cells were incubated with DMSO or DMSO containing 10 584 CLOOS ET AL.
FIG. 2. Panel A:
Depletion of mitochondria induces radioresistance in human pancreatic cancer cells. Exponential cultures of MIA PaCa-2 (rho ϩ ) and RhoЊ cells were irradiated with 2, 4 and 6 Gy, and cell growth was determined. There was a significant decrease in cell numbers after irradiation on day 5 in the rho ϩ cells compared to the RhoЊ cells. Panel B: Depletion of mitochondria induces radioresistance in human pancreatic cancer cells. Cells were irradiated with 2, 4 and 6 Gy, and then plated for colony formation. At 6 Gy, a dose modification factor of 1.6 was seen. Means Ϯ SEM, N ϭ 3. Panel C: Immunoblots for MnSOD, CuZnSOD, Trx and GPx1 after 4 Gy demonstrating equivalent amounts of these antioxidant proteins in the two cell lines.
M antimycin A (AntA) for 15 min and stained for hydroethidine, and fluorescence was measured by flow cytometry. Baseline mean fluorescence intensity was higher in rho ϩ cells compared to RhoЊ cells, while treatment with antimycin A increased mean fluorescence intensity in rho ϩ cells but not in the RhoЊ cells (Fig. 1D) .
Mitochondrial Dysfunction Results in Radioresistance in Human Pancreatic Cancer Cells
Mitochondria are the major cellular site for the production of ROS (13) . Radiation damage to cells and tissues involves the generation of excessive ROS that consequently can lead to cell dysfunction or death (1, 2) . Cells were plated in triplicate, and control and treated groups were exposed to 2, 4 or 6 Gy of ionizing radiation. Ionizing radiation significantly decreased cell numbers 5 days after irradiation in pancreatic cancer cells with functional mitochondria compared to cells without functional mitochondria (Fig. 2A) .
Cells without functional mitochondria were also radioresistant compared to the parental cell line as determined by clonogenic survival assay. Ionizing radiation decreased clonogenic survival in rho ϩ human pancreatic cancer cells in a dose-dependent manner but had less effect on cells lacking functional mitochondria (Fig. 2B ), resulting in a dose modification factor of 1.6 at 6 Gy.
The difference in the radioresistance of the cell lines was not due to changes in antioxidant content after irradiation. Immunoblotting was performed to determine the levels of MnSOD, CuZnSOD, Trx and GPx1, all proteins encoded by nuclear DNA (Fig. 2C) . Western blotting demonstrated equivalent amounts of protein for these antioxidant enzymes in both the RhoЊ and rho ϩ cells after irradiation with 4 Gy.
Mitochondrial DNA Depletion Suppresses RadiationInduced G 2 Checkpoint Activation in Human Pancreatic Cancer Cells
Cell cycle checkpoints are regulatory pathways that halt the progression of cell cycle in response to cell stress or damage (5), thus preventing the replication of damaged templates and the segregation of broken chromosomes (4) . Exponentially growing asynchronous cultures of MIAPaCa-2 rho ϩ and RhoЊ cells were irradiated with 4 Gy, and cells were harvested at various times after irradiation, stained with propidium iodide, and analyzed for DNA content by flow cytometry (Fig. 3A) . There was a significant increase in the percentage of rho ϩ cells in G 2 10 h after irradiation (Fig. 3A, B) but no statistically significant increase in the percentage of RhoЊ cells in G 2 (Fig. 3A, B) . The increase in the percentage of rho ϩ cells in G 2 was significantly greater than that of RhoЊ cells 10 h postirradiation. In addition, the kinetics of the response of the cell lines was different. Accumulation of rho ϩ cells in G 2 peaked at 10 h postirradiation, while the percentage of RhoЊ cells in G 2 appeared to peak at approximately 18 h (Fig.  3B) . Neither cell line demonstrated any significant changes in the distribution of cells in S phase (Fig. 3C) . 
Radiation-Induced Suppression of Cyclin B1 and CDK1 is Reversed in Cells Depleted of Mitochondrial DNA
Cyclin B1 and CDK1 are essential components of the maturation and mitosis-promoting factors that regulate the G 2 /M transition (6) (7) (8) . Cyclin B1 binds to CDK1, which then becomes dephosphorylated and relocated to the nucleus, ensuring the transition toward mitosis (7). We hypothesized that arrest of cells in G 2 would result in depletion of these cell cycle proteins. Western blot analysis of rho ϩ and RhoЊ cells was performed to determine the presence of cyclin B1. At 6 and 10 h postirradiation, RhoЊ cells had increased levels of cyclin B1 immunoreactive protein, while rho ϩ cells had no cyclin B1 (Fig. 4A ). In addition, the baseline levels of CDK1 immunoreactive protein were equivalent in the two cell lines (Fig. 4B) . However, at 10 h after irradiation, RhoЊ cells had increased CDK1 protein compared to the rho ϩ cells.
DISCUSSION
Adjuvant therapy has been administered to patients with resectable pancreatic cancer in an attempt to improve local control and overall survival (14) (15) (16) (17) . External-beam radiation in conjunction with surgery for locally confined, lymph node negative pancreatic adenocarcinoma is associated with a significantly improved rate of survival compared to that of patients who receive only cancer-directed surgery (18) . Additionally, the overall survival improved in patients who received radiation therapy in conjunction with cancer-directed surgery, with a median survival of 17 months and a 5-year survival rate of 13% in patients receiving radiation and surgery compared with 12 months and 9.7%, respectively, for patients received surgery without adjuvant radiation therapy (19) . Because of the overall dismal prognosis associated with pancreatic adenocarcinoma, more effective therapies are needed to control progression and metastatic disease while limiting toxic side effects.
To investigate the role of the mitochondria in radiationinduced death of pancreatic cancer cells, we developed pancreatic cancer cells lacking functional mitochondria. It has been shown previously that radiation damage to cells involves the generation of excessive ROS, which can lead to cell dysfunction or death (1, 2) . Since mitochondria are the major cellular site for the production of ROS (13), our study supports the hypothesis that cells lacking functional mitochondria may experience less radiation-induced damage or death than cancer cells with fully functional mitochondria. Pancreatic cancer cells without functional mitochondria exhibited significantly less radiation-induced cytotoxicity compared to cells with fully functional mitochondria. Our results contrast with those of previous studies demonstrating that HeLa EB8-C rho ϩ cells infected with human papilloma virus were more resistant to ionizing radiation compared to the HeLaEB8-C RhoЊ cells depleted of mitochondrial DNA (20) . In that study, RhoЊ cells demonstrated both a radiation-induced delayed G 2 checkpoint arrest and an impaired ability to recover from the G 2 checkpoint arrest compared to the parental cell line. The difference in our study may be explained by the different cell lines used (pancreatic and cervical) or the fact that our cells were not infected virally.
The generation of the RhoЊ cells may result in other nonmitochondrial changes that can affect cell function (21) . Various proteins responsible in cell signaling pathways have recently been described as translocating to mitochondria (21) . Some of these proteins retain their initial function, while others appear to have acquired new a function by interacting with mitochondrial proteins (22) . Although the energy requirement for cell cycle progression has not been thoroughly elucidated, mitochondrial generation of ATP should also be considered as a potentially significant control that governs cell cycle progression. Disrupting mitochondrial function alters the availability of cellular energy, sensitizing cells to division (23) (24) (25) (26) (27) . Blocking ATP synthase reduces the level of total cellular ATP and induces a substantial accumulation of cells in the G 1 /S phase (28) . Even when cell cycle proteins are unchanged, blocking ATP synthase can lead to increased amounts of hypo-phosphorylated proteins (28) . Thus a complex range of issues arise because of non-functional mitochondria that may play a significant role in the reduction of radiation-induced cell death in the pancreatic cancer RhoЊ cells.
In an attempt to determine other factors affected by mtDNA depletion that could also be contributing to radioresistance, we investigated the G 2 cell cycle checkpoint of the human pancreatic cancer cells exposed to radiation. Cell cycle checkpoints are regulatory pathways that inhibit the progression of the cell cycle in reaction to cell damage (5). This is thought to prevent the replication of damaged templates and the segregation of broken chromosomes. Through cellular signaling processes, transcription or repair genes are induced (4) or there is apoptosis of the cell (6) . We hypothesized that a delay or suppression of G 2 checkpoint in RhoЊ cells may be associated with its radioresistance.
Our present study demonstrates that radiation-induced G 2 arrest results in depletion of cyclin B1 and CDK1. Previous studies (20, 29s showed that the ionizing radiation-induced decrease in cyclin B1 expression (mRNA and protein levels) was associated with cells accumulating in G 2 . Our results are consistent with these previous studies. Under normal conditions of cell growth, an increase in cyclin B1 in late G 2 and its rapid turnover during cell division are necessary for the exit of cells from G 2 and M phases. This regulation is perturbed in irradiated cells. In addition, a dose-dependent increase in mitotic delay accompanied by down-regulation of cyclin B1 was found after irradiation in NIH 3T3 fibroblast cells (30) . Moreover, studies by Lin and colleagues support the correlation between G 2 cell cycle arrest, a decline in cyclin B1 and CDK1, and cell death (31) . In these studies, treatment with Prazosin led to a concentration-dependent and time-dependent G 2 /M arrest of the cell cycle that correlated with inhibition of CDK1, a short-term elevation followed by a decline in cyclin B1, and subsequent apoptosis (31) . Others have also found that some anticancer agents decrease the percentage of viable cells through induction of G 2 /M-phase cell cycle arrest associated with decreased levels of cyclin B1 complex in HL-60 cells (32) . Studies by Xian et al. also support the correlation between decreases in cyclin B1 and CDK1, G 2 cell cycle arrest, and apoptosis (33) . Zerumbone, a natural cyclic sesquiterpene, significantly suppressed the proliferation of promyelocytic leukemia NB4 cells by inducing G 2 /M cell cycle arrest associated with a decline of cyclin B1 protein and subsequent apoptosis (33) .
In conclusion, our study demonstrates that pancreatic cancer cells depleted of mitochondrial DNA were radioresistant compared to cells with functional mitochondrial electron transport chains. Depletion of mitochondrial DNA also suppressed radiation-induced G 2 checkpoint activation that was accompanied by increases in both cyclin B1 and CDK1. Manipulations of pancreatic cancer cell mitochondrial function may have a role in radiation-induced cytotoxicity.
